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ABSTRACT 
The ability to transmit power through buried underground 
cable systems is greatly affected by the thermal properties 
of the soil in which it is buried. Traditionally, the value 
of earth thermal resistivity used to represent the soil 
system has been 90°C-centimeter/watt, and it has been assumed 
that this value remains constant throughout the operating 
life of the cable system. However, numerous test installations 
indicate that RHO is very dependent on the amount of moisture 
in the soil with tremendous increases occurring as soil 
moisture is removed. 
In this paper, the reasons for selecting a RHO of 
90°C-centimeter/watt are reviewed, the causes and effects of 
variation in earth thermal resistivity are discussed, the 
actual increases in RHO determined and a method to prevent 
■1- 
the increases demonstrated. The conclusions that emerge 
show that the value of resistivity to be used for ampacity 
rating should be approximately twice the previously assumed 
design value of 90°C-centimeter/watt. At these increased 
values of RHO, the cable sizes determined by the present 
design procedures at the test utility* will be inadequate to 
carry the required design loads.  The consequences will be 
shortened cable life 'and increased failures as the cable 
operating temperature approaches 150°C. However, by using a 
Kaolin Clay Quartz Sand backfill in the cable trenches, the 
resistivity can be more than halved, the conductor operating 
temperature reduced to normal, and the current design ampacities 
met. 
^Pennsylvania Power & Light Co., Allentown, PA 
-2- 
CHAPTER I 
Introduction 
Since the first installation of direct buried cables 
early in the 1930's, electric utilities have installed a 
tremendous amount of distribution and transmission voltage 
cables directly buried underground.  This direct buried 
underground cable system represents a huge financial investment 
for the electric utilities. This investment is increasing 
at an ever quickening pace as underground installations 
represent a viable alternative to overhead, which is encounter- 
ing visual.and environmental problems along with ballooning 
right of way costs.  Therefore, due to the ever tightening 
financial situation, it is imperative that the industry 
obtain maximum utilization and efficiency from this large 
investment in direct buried underground cable systems. 
As the underground cable system carries load, heat is 
2 
generated within the cables due to I R losses. This heat 
must be transferred away from the cable through the sur- 
rounding soil before the operating temperature of the cable 
-3- 
is exceeded. Since a major portion of the underground 
thermal circuit is the soil, it is necessary to know the 
correct design value of earth thermal resistivity (RHO), to 
be used for calculating cable ampacities. However, as the 
cable operates throughout the year, this value of earth 
thermal resistivity will change due to soil moisture, seasonal 
variations, cable loads, and moisture migration. The importance 
of this change in RHO can best be illustrated by looking at 
a 750 MCM XLP aluminum cable installation. At a design 
value^of RHO = 90°C-centimeter/watt the cable system can 
carry 630 amperes at an operating temperature of 90°C.  If 
the actual resistivity changes to 200°C-centimeter/watt the 
ampacity will be reduced 31% to 435 amperes. Even more 
important, if the cable system is carrying 630 amperes and 
RHO changes to 200 the cable operating temperature will be 
over 200°C.  Cable failure is inevitable. With over a 
quarter million three phase feet of cable in place at an 
installed cost of 7-10 million dollars, the exposure to the 
test utility is extreme. Therefore, by determining the 
range of variation in earth thermal resistivity, and con- 
trolling it through the use of special backfills, the utility 
engineer can establish higher ampacities, increase efficiency, 
and prevent failures of direct buried cable systems. 
-4- 
This report will demonstrate that the commonly used 
design value of RHO = 90°C-centimeter/watt is not necessarily 
correct for all cable installations and operating conditions 
for direct buried systems at the test utility. A range of 
resistivities that can occur based on soil, cable operating 
and weather conditions for the test utility were determined. 
Finally, a cable trench design was recommended which reduces 
these high resistivities to a more favorable value. 
■5- 
CHAPTER II 
Background Information 
A.  Present Practice for Direct Buried Cables 
At the test utility, direct buried cable installations 
at substations can be grouped into two distinct appli- 
cations; the underground distribution line getaway and 
the subtransraission voltage tie lines. 
Far and away the biggest application is the 12 kV 
distribution line getaways. The test utility requires 
that all 12 kV distribution lines emanating from a 
substation be placed underground for the first few 
hundred meters for good visual affect. With a total 
of 300 distribution substations and an average of 3 
feeders per substation there are approximately 900 12 kV 
lines underground, nearly all direct buried. 
The second application of direct buried cable is 
the subtransmission voltage tie lines between distribution 
-6- 
substations at 69 or 138 kV. The test utility uses 
underground installations at this voltage level when 
right of way restrictions or heavily built-up areas 
prevent the use of overhead lines. The standard trans- 
mission installation uses concrete duct packs but, 
because of cable pulling problems, the last 40 meters 
between the distribution substation riser pole and the 
manhole at the duct pack is direct buried. Although 
limited in application (less than two dozen cases 
currently), its importance and value to the system are 
considerably greater than the distribution line feeder. 
For both direct buried applications, the cable is 
installed in a trench 91 centimeter deep and 61 centimeter 
wide. The cable is installed at the bottom of the 
trench with the soil replaced as backfill.  The distribu- 
tion application uses a triplexed or 3 foil cable 
arrangement while transmission uses a single conductor 
arrangement. 
Table 1, page 8, shows the typical characteristics 
applying for both installations. 
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table 1 
Characteristics for Underground Installations at 
 the Test Utility  
Application     Voltage 
Distribution    12 kV 
Getaway 
Type and 
size of 
Operating Load Aluminum 
Temp Amperes Cable 
90°C 465 750 MCM 
XLP 
Transmission    69 kV 
Tie Line      138 kV 
90°C 836 1250 MCM 
XLP 
-8- 
These two applications make up the bulk of the direct 
buried cable installations presently at the test utility. 
B.  Earth Thermal Resisitivity 
Earth thermal resistivity is a measure of the 
opposition to the flow of heat through the earth. 
Earth thermal resistivity is measured in units of 
thermal ohms, which is defined as the number of degrees 
of temperature drop through a cube one centimeter on 
sides, through which heat is flowing at the rate of one 
watt (one joule/second).  It is designated either by 
the greek letter p, or the word RHO. 
Soil is formed of grains of solid material embedded 
in a surrounding medium which may be air, water, water 
vapor or any combination thereof. Heat passing through 
the soil will pass through the solid grains and the 
embedding medium by a complex system of series and 
parallel paths. The thermal resistivity of a soil will 
depend upon: 
o   The make-up of the solid materials, their size and 
arrangement. 
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o   The make-up of the embedding medium including the 
proportions of air and water. 
o   Anything that would cause the soil make-up to 
change. 
Since the thermal resistivity is dependent upon 
the make-up of the solid materials and the embedding 
medium which forms the soil, it is important to look at 
the resistivities of the individual materials most 
commonly encountered. These are shown in Table 2, page 
11. 
It can be seen that: 
o   Quartz has the lowest resistivity of all the 
materials. 
o   Dense materials have a low resistivity as compared 
to light materials. 
o   Solid materials have a lower resistivity than 
gases and liquid materials especially air, water 
and organic particles. 
-10- 
Table 2 
Resistivity of Materials 
Material Thermal Resistivity-°C-Centimeter/Watt 
Quartz 
CaC03 
Granite 
Limestone 
Ice 
Slate 
Water 
Organic material wet 
Organic material dry 
Air 
11 
26.3 
26 - 58 
45 
45 
67 
165 
400 
700 
4000 
■11- 
The lowest earth thermal resistivities would be obtained 
with solid blocks of rock or rock like materials, since they 
have low individual resistivities, are dense and have no 
air, water or organic particles mixed in.  In real-life, 
soils are composed of particles of various sizes and materials 
randomly arranged with the smaller sized particles fitting 
between the interstices of the larger particles. Due to the 
random arrangement of the various size particles, not all the 
interstices between particles become filled and voids con- 
taining air and water are formed.  It is the air that causes 
the greatest concern. The presence of air with its high 
resistivity increases the overall resistivity of the soil 
since the heat path is through high resistance air in series 
with the low resistance solids.  Soil composed of a high 
percentage of air will have high resistivities as compared 
to soils having solid particles arranged with a minimum of 
air voids.  Table 3, page 13, illustrates this point. 
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Table 3 
Resistivity of Quartz vs Percentage of Air Voids 
Material Density Gra/cc Air Volume % Resistivity 
Solid Quartz 2.64 0 11 
Crushed Quartz 1.60 39.4 228 
it      it 1.512 42.7 392 
it      ii 1.307 50.6 573 
it      tt 
.824 68.9 1270 
It is obvious that the percentage of air voids in a 
soil is the single most controlling factor in determining 
the value of earth thermal resistivity. Factors causing the 
percentage of air to vary in a soil and its effect on resis- 
tivity will be covered in Chapter IV, page 25. 
Thus, it is evident that make-up of solid materials, 
their size and arrangement and the make-up of the embedding 
medium will determine the resistivity of a particular soil. 
Since infinite combinations of materials and embedding 
-13- 
medium, particle sizes and arrangement are possible, estab- 
lishing the thermal resistivity for each individual soil by 
structure can be extremely difficult. However, soils are 
classified by material and size with resistivities assigned 
by soil type (Chapter III, page 17).  The three major soil 
classifications are: Organic, Inorganic and Man-made. 
Organic - Soil containing 1 to 100% of decomposed 
animal and plant material.  Generally found at lake bottoms, 
tidal flats, and slow moving streams. 
Inorganic - Soils formed from the product of physical 
and chemical rock weathering through the geological ages. 
The soil is composed of particles of parent rock from which 
the weathering took place.  Table 4, page 15, gives a break- 
down of names, sizes and compositions of inorganic soils. 
Man-made - Soils containing materials that are the 
result of man-made processes such as:  ash, slag, conglomerate, 
furnace waste, and cinders. 
■14- 
Silts 
TABLE 4 
Classification of Soil Types 
Diameter of Particles   General Characteristics 
and/or Mineral Composition Type (mm) 
Gravel Larger than 2.0 
Sand 
Coarse 2.0 - .42 
Fine .42 - .074 
.074 ,005 
Clays   smaller .005 
Quartz ■ ■ common sand 
gypsum ■ ■ white sand 
coral and beach 
sand 
same as above 
Particles are angular, 
flake and needle shaped 
aluminum silicon 
potassium 
magnesium 
demonstrates plasticity 
Once the classification of a soil is established, a 
resistivity can be determined. The value of this resistivity 
will not change unless the percentage of the material forming 
the embedding medium varies (air & water). This will be dealt 
with more fully in Chapter IV page 25. 
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Value of Resistivity Used By The Test Utility 
The design value of earth thermal resistivity used 
by the test utility for all of their direct buried 
cable installations is 90°C-centimeter/watt. This 
value, is based on the Insulated Power Cables Engineers 
Association Ampacity Tables dated 1958.  This industry- 
wide standard recommends that "when the earth thermal 
resistivity is not known it is suggested that RHO-90 be 
used"  . The test utility makes no field measurements 
or soil classifications to verify the recommended 
design value of 90. Also, no visual inspection of the 
trench is made to limit hotspots, no consideration is 
given to cable loads, and no special precautions are 
observed in constructing the trench. The IPCEA design 
value of 90 is faithfully applied for all direct buried 
cable applications. 
-16- 
CHAPTER III 
Basis For Using 90°C - Centimeter/Watt as the Value of RHO 
The IPCEA design value of RHO = 90 used by the test 
utility, is based on a December 1960 - AIEE Committee report 
entitled - "Soil Thermal Characteristics in Relation to 
Underground Power Cables, authored by R. J. Wiseman and R. W. 
Burrell" . This paper summarizes the work done by a 
special subcommittee formed of utilities, cable manufacturers, 
and numerous organizations including EEI, IPCEA, AIEE, and 
Association of Edison Illuminating Companies.  It was through 
this work that the value of RHO for various soils was estab- 
lished and adopted by the IPCEA. An examination of why this 
value was selected is in order, because of the importance of 
the value of resistivity used in determining cable ampacities. 
During the course of the subcommittee's investigations, 
a large amount of data was accumulated from various utilities 
and manufacturers located throughout the country and analyzed. 
This data was composed of measured earth thermal resis- 
tivities using in-situ and laboratory techniques including 
-17- 
thermal probes, thermal spheres, and various laboratory 
procedures. The data was collected, sorted into soil types 
and analyzed with the following results. 
Sand 
863 values of RHO were received and analyzed. The 
average was 65.6 and the median 54. Figure 1, page 19, shows 
a cumulative plot of the percent of total readings versus 
thermal resistivity.  Based on this analysis it was decided 
that, for moist sand, a good design value of p when no other 
data is available is 80-90°C-centimeter/watt. 
Clay 
801 values of RHO were received and analyzed. The 
average was 55 and the median 54. Figure 2, page 19, 
shows a cumulative plot of the percent of total readings 
versus thermal resistivity.  Based on this analysis it was. 
decided that for moist clay a good design value of p when no 
other data is available is 80°C-centimeter/watt. 
■18- 
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Sandy - Clay 
329 values of thermal resistivity were received and 
analyzed. The average value was 53 and the median 50. 
Based on this analysis it was decided for sandy-clay soils a 
good design value of p to use when no other data is available 
is 80-90°C-centimeter/watt. 
Cinders 
The limited amount of data received (76 determinations) 
for cinder, ash and furnace waste varied from 85 to 485°C- 
centimeter/watt. Most of the values ranged between 120 and 
240 with the average 191.  Based on this data the recommended 
design value of p for cinder soils is 200°C-centimeter/watt. 
Rock - Shale Rubble 
A limited amount of data was received and analyzed for 
rock, shale, and rubble.  Based on the data that was available 
a design value of 90-100°C-centimeter/watt was recommended. 
Summarizing the work done by the Committee, Table 5, page 21, 
can be developed. 
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Table 5 
Resistivities Found by Wiseman, Seman and Burrell 
Soil Type 
Recommended Design Value of RHO 
 °C - Centimeter/Watt  
Sand 80 - 90 
Sandy - Clay 80 - 90 
Clay 
Rubble, Shale, Rock 
80 - 90 
90 - 100 
Cinder/Ash 200 
Organic Soils 400 - 700 
-21- 
By including the value of resistivity for organic soils, 
resistivities for all the various soil types possible have 
been established. 
The majority of soil types encountered across the 
country are of a sand, clay, or sandy-clay variation. Other 
types including cinder, ash and organic soils have only a 
limited occurrence. Therefore, from the summary of resistivi- 
ties for sands and clays developed in Table 5, page 21, it 
is obvious that the IPCEA can safely recommend a design 
value of 90°Ocentimeter/watt for earth thermal resistivity 
when no other data on the soil at the cable installation is 
available.  It also explains why the tables and ampacities 
in the IPCEA and NEMA standards are given at values of 
resistivities of 60, 90 and 120°C-centimeter/watt. These 
values cover the range of variation for resistivities for 
sand and clay soils very well as seen from Figures 1 & 2 
(page 19. This range of values permits the user to select 
the degree of conservativeness for a direct buried cable 
design as one sees fit. The reasons for the selection of 90 
for earth thermal resistivity by the IPCEA has thus been 
well established. 
•22- 
The majority of the soils encountered at the test 
utility are also of the sand or clay type. Furthermore in 
Chapter II, page 6, the application of direct buried instal- 
lations at the test utility occur at Distribution substations 
which are generally located on soils other than cinder/ash 
or organic types for other design reasons including obtaining 
low ground resistance and maintaining the ground system 
integrity. Therefore, the design value of RHO = 90 also 
appears to be a good choice for the test utility for direct 
buried installations in the majority of cases. 
Although it appears that the value of RHO = 90 is well 
established, before using the values listed in Table 5, page 21 
and subsequently RHO = 90, the subcommittee found it essential 
that the user: 
1. Perform tests of the soil at the trench site to verify 
the design value of p recommended in the table. 
2. Examine the trench to eliminate any pockets of soils 
that could result in hot spots. 
-23- 
Also the Subcommittee emphasized that the figures in 
the table implied the continuous presence of adequate moisture. 
If the cable system dries out due to the seasonal variations 
in weather or is loaded to the point where moisture is 
driven away, the values listed in Table 5, page 21, may not 
apply. 
Based on the installation techniques used by the test 
utility (which do not meet the committee's requirements) it 
is not clear whether p = 90°C-centimeter/watt provides an 
adequate representation of soil characteristics surrounding 
a cable for calculating ampacity. Also Chapter V, page 54, 
will demonstrate how soil, weather and cable operating 
conditions will cause the earth thermal resistivities to 
vary, which further clouds the selection of 90 as the value 
of resistivity to be used by the test utility. Therefore, 
there is a legitimate question as to the correctness of the 
design value of RHO = 90°C-centimeter/watt. 
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CHAPTER IV 
Variations in Earth Thermal Resistivity 
In Chapter II, page 6, it was demonstrated how the 
resistivity of the soil depends upon the make-up of the 
solid materials, their size and arrangement and the make-up 
of the embedding medium including the proportions of air and 
water. 
Once the soil structure and soil constituents are 
determined, the value of resistivity will not change unless 
the make-up of the embedding medium is changed. The major 
variable in the embedding medium, susceptible to change, is 
the proportions of air and water.  The presence of air voids 
between the interstices of the solid particles increases the 
overall resistivity of the soil as explained in Chapter II, 
page 6. Normally the interstices between the solid particles 
of a soil are filled with water or water vapor which prevents 
the tremendous increases in resistivity.  It is in this 
state (presence of significant amounts of moisture) that the 
resistivity of a soil is normally established. However, the 
-25- 
moisture content of a soil surrounding a cable system will 
not remain constant as it encounters seasonal variations in 
the weather and the effects of a hot operating cable.  The 
moisture will migrate away from the cable leaving behind air 
voids with its undesirable increases in resistivity.  It is 
these changes in air voids caused by the changes in soil 
moisture that produce variations in the value of earth 
thermal resistivity for a soil. Therefore, soil moisture, 
how and why it changes, and its effect on resistivity is of 
the utmost importance. 
A.  Soil Moisture 
It is important to understand the various types of 
moisture associated with the soils in order to fully 
understand the affects moisture has on resistivity. 
Soil moisture can be broken up into the following 
-26- 
categories: 
o   Hydroscopic - thin film of water tightly held to 
the soil particles by absorption forces on the 
surface of the soil grains.  The amount of hydro- 
scopic water in the soil depends directly upon the 
grain sizes. 
o   Capillary - water held against the force of gravity 
by the surface tension forces between the grains. 
o   Gravitational - rain water percolating from the 
soil surface towards the water table. 
o   Field Capacity - the amount of water that can be 
held against the force of gravity. 
o   Water Table - upper level of saturated water zone, 
varying during the seasons depending on the cli- 
matic conditions. 
As soil moisture is added in the form of water, it will 
first be absorbed onto the surface of the soil particles 
satisfying the absorptive forces.  The water will then begin 
-27- 
to collect at the points of contact between the soil particles, 
forming rings of liquid which are held by capillary forces 
and which will grow outward as the moisture content in- 
creases. As the increasing amount of water replaces the air 
(P = 4,000) in the soil void spaces the effective cross-sectional 
area between the particles is increased, effectively increasing 
the cross-sectional area available for heat transfer from 
particle to particle. The increase in effective cross-sectional 
area will thus decrease the thermal resistivity. Hence, 
although water itself has a relatively high thermal resistivity 
of 165°C-centimeter/watt, it can effect a considerable 
decrease in the thermal resistivity of a dry soil as long as 
it is not added in sufficient quantity to force the soil 
particles farther apart and thus decrease the solids density. 
These effects can be demonstrated by looking at the 
plots of resistivity vs. voids filled with water shown in 
Figures 3 & 4, pages 29 and 30. From these two plots it can 
be seen that the greatest increase in resistivity occurs 
from dryness to 10% of voids filled - with little change 
above 30%. The thermal resistivity quickly increases for 
very small reductions in soil moisture from the 10% value - 
peaking at several hundred thermal ohms at zero percent 
-28- 
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moisture content. This can be further illustrated by looking 
at the resistivities of 14 Soils-Dry and with Optimum Moisture 
Content shown in Table 6, page 32. 
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The ratio of the resistivities of soils with optimum 
moisture content to zero percent moisture content can range 
as high as 5.0 with resistivities reaching values of over 
300!!  The importance of soil moisture is obvious. 
By analyzing the test data from the work done by Wiseman 
and Burrell and by Nease of Commonwealth Edison Co. , the 
following ratios for resistivity at dry vs. optimum conditions 
can be reached for the various soil types established in 
Chapter 3, page 17. 
Ratio of Dry to Optimum Moisture Content 
Sand 4.5 or 5 to 1 
Clay 2.5 or 3 to 1 
Cinders 5.5     to 1 
This is the theoretical maximum increase in resistivity 
that can occur due to a lack of soil moisture.  It is important 
-33- 
to determine what factors affect moisture content and to 
what extent. One question is - does the theoretical maximum 
exist in practice? 
Seasonal Variations 
Seasonal variations are an important aspect in 
determining the changing moisture content of a soil. 
Soil throughout the year experiences a continual influx 
and outflow of water due to precipitation, evaporation, 
transpiration, and surface and underground water move- 
ments. In recent years, increasingly better approxi- 
mations have been made in the measurement of this 
cycle, especially in the area of evapotranspiration 
(loss of water due to evaporation and transpiration). 
Evapotranspiration accounts for more than half of 
the loss of soil moisture in a soil. This phenomenon 
varies throughout the year passing through a maximum 
during the hot summer months and falling to very low 
values during the winter. There are periods during 
-34- 
which it exceeds precipitation and other periods where 
it falls short of precipitation. This relationship is 
illustrated in Figure 5, page 36. 
During the periods when precipitation exceeds 
evapotranspiration and the soil is at field capacity, 
no additional moisture can be held by the soil and the 
excess will be lost in surface runoff or underground 
drainage (see black area of Figure 5, page 36). 
During the succeeding portion of the annual cycle, 
when evapotranspiration exceeds precipitation, capillary 
water in the soil is lost, decreasing the soil moisture 
content (see diagonal shaded area Figure 5, page 36). 
Finally, when the rate of evapotranspiration again 
falls below precipitation, the excess water makes good 
the loss of moisture from the soil bringing the content 
back up to the field capacity. 
By replotting similar data used for Figure 5, page 
36, the amount of moisture stored in the soil as a per- 
centage of field capacity can be shown for the test 
-35- 
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utility (see Figure 6, page 38). This is important 
because it shows that June through December are the 
months of the year when the soil is dryer than normal. 
Because of the decrease in moisture during this period 
we would expect the thermal resistivity of the soil to 
increase. This is in fact the case. Work done by 
2 
Milne and Mochlinski in their paper entitled, Charac- 
teristics of Soil Affecting Cable Ratings, indicates 
that the increases in resistivity of the most commonly 
encountered soils due only to seasonal variations 
during these months can range as high as: 
Ratio of Resistivities at Dry 
Type of Soil      vs. Optimum Moisture Content 
Non-Granular (clays)        1.2:1 
Granular (sand) 1.5:1 
These values may or may not be reached each season 
because successive years will exhibit considerable 
year-to-year variation just as the rainfall and temperature 
-37- 
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records will vary on which the soil balance is based. 
Also, soil conditions including grain structure, water 
table, depth of penetration of water, are factors. 
However, the general observation that the design value 
of resistivity can increase as much as 50% during the 
months of June through December will still hold. This 
is important because it establishes the effects that 
seasonal variations have on soil moisture and earth 
thermal resistivity. 
As an example of the effects that seasonal variations 
in moisture content, aggravated by variations of rainfall 
from normal, has on resistivity is illustrated by the 
experiences of one urban utility. Table 7, page 40, 
summarizes the record of dielectric loss failures on 69 
kV transmission lines over a period of 35 years. All 
but three of the failures occurred in the June through 
December months.  It seems evident that the incidents 
of failure (which is sensitive to high temperatures 
caused by increases in resistivity) bears a marked 
correlation with the extent of rainfall received during 
these months. 
-39- 
TABLE 7 
Rate of Dielectric Loss Failures on Urban 
Transmission Lines 
Number 
Departure of Years Number 
of Rainfall During Which of Failures Failures 
From Normal This Occurred During These Yrs. Per Year 
postive 18 3 .17 
0 to -.99 3 1 .33 
-1.0 to -1.99 2 1 .50 
-2.0 to -2.99 3 3 1.00 
-3.0 to -3.99 3 7 2.33 
-4.0 to -4.99 5 4 .80 
-5.0 to -5.99 1 4 4.00 
-40- 
In order to determine the ultimate decrease in soil 
moisture (and the resultant increase in resistivity) one 
must determine how much a hot operating cable reduces soil 
moisture and whether the soil approaches the ultimate value 
of resistivity at complete dryness. This will be done in the 
next section. 
C.  Moisture Migration 
The second factor which changes the content of moisture 
in a soil is the effect of a hot operating cable. The heat 
generated by the cable will drive the moisture in the sur- 
rounding soil away by a process known as moisture migration. 
Moisture migration has been the subject of research by many 
investigators in the field of soil sciences. Although much 
is yet to be known about the phenomenon, a generally accepted 
theory of moisture migration is that it is the resultant 
of two separate mechanisms - one occurring in the liquid 
state and the other in the vapor state^.  In the liquid state, 
the surface tension of the water decreases with increasing 
temperature of the soil due to the hot operating cable. The 
decrease in the surface tension weakens the forces retaining 
the liquid water in the high temperature region (next to the 
-41- 
cable) and causes it to move toward the cooler region. The 
time constants of the process are controlled by the hydrau- 
lic gradient, resulting from the temperature gradient, and 
by the permeability of the soil to the flow of liquids.  In 
the vapor state, the water vapor pressure in the pore spaces 
in the high temperature region exceeds that in the low 
temperature region. Water vapor therefore moves along the 
temperature gradient and evaporates in the higher temperature 
region and condenses in the lower temperature region. This 
procedure produces a reverse hydraulic gradient by providing 
a surplus to the hydraulic requirements in the low temper- 
ature region and a deficiency in the high. Liquid can then 
be transferred back to the high temperature region in the 
liquid state. The system(may remain in a continuous dynamic 
equilibrium or remain unstable ceasing when all capillary 
moisture has been removed from the high temperature region. 
The results of both mechanisms is that soil moisture is 
removed from the high temperature region (surrounding the 
cable) to the lower temperature region some distance from 
the cable system. 
■42- 
The drying of the soil adjacent to the cable 
surface caused by moisture migration takes place in two 
distinct stages. The first stage, shown in Figure 7, 
page 44, occurs when the rate of drying continually 
decreases until a critical moisture content at the 
cable surface is reached. Thereafter, the rate of 
drying increases continuously until the soil adjacent 
to the cable heat source is completely dried out, 
provided that a constant cable surface heat transfer 
rate is maintained. This is the second stage of drying. 
[Note: Heat transfer rates are given in two different 
units of measurement - watts per unit cable length 
(watts/centimeter) and watts per cable surface area 
2 
(watts/centimeter ). To convert between the two the 
surface area of the cable per unit length must be 
known]. 
i.e, 2.2 watt/centimeter = 2.2 watt  x  1 centimeter length 
centimeter    10 centimeter of 
area per 1 centimeter 
length 
= .22 watt/centimeter 
-43- 
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It can be seen that for each value of the surface 
heat transfer rate there is a distinct minimum rate of 
drying. This minimum drying rate occurs at essentially 
the same moisture content for a particular soil (critical 
moisture content) regardless of the magnitude of heat 
transfer rate. This critical moisture content marks 
the value at which the unstable conditions of thermal 
runaway (high increases in RHO) begin. From Figure 7, 
page 44, it can be seen that various heat transfer 
rates will force the moisture content to the critical 
value. However, it can also be inferred that if the 
heat transfer rate at the cable is maintained below a 
certain value, q' critical, the rate of drying will be 
so small that complete drying of the soil will not be 
expected to occur for a very long time. Therefore, if 
the heat transfer rate is maintained below this level, 
q1 critical (critical heat transfer rate) for a given 
set of initial conditions (including the initial moisture 
content) limited moisture movement will occur and the 
thermal behavior of the soil will remain stable. This 
point can be illustrated more graphically by looking at 
Figure 8, page 46, which is taken from the work done by 
4 
Black and Bush for sandy silt at an initial moisture 
content of 14.3% with no rainfall. From this curve, no 
moisture migration takes place at cable heat 
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transfer rates of .1 watts/centimeter. This is the critical 
heat transfer rate for sandy silt at these initial soil 
conditions. Heat transfer rates above this critical value 
will produce drying, with time to the critical moisture 
content related directly to the square of the cable diameter. 
This is significant because it indicates that the time to 
the critical moisture content is directly dependent on the 
cable surface heat transfer rate which corresponds to the 
load level in amperes — with times to this value becoming 
very fast (days) for high loads. Also, since resistivity is 
directly related to the soil moisture content, it can be 
seen how increases in resistivity are directly related to 
the load level and the length of time it is applied. Finally, 
there is a critical value of the heat transfer rate, q' 
critical, which, if the cable load is held below this level, 
no moisture migration will take place and the resistivity 
will remain constant. Therefore, the increases in resistivity 
due to moisture migration cannot be generally established as 
in the case of seasonal variations but must be determined 
for particular cable surface heat intensities for the various 
soil types. 
-47- 
An idea of the increases in resistivity due to moisture 
migration can be obtained by looking at some well instru- 
mented field data of cable test installations, Table 8, page 
49, collected by Wiseman and Burrell , and Bauer and Nease . 
It can be seen that the value of the final resistivity 
can be more than twice the value of the initial resistivity 
for various loads under conditions of moisture migration. 
Theoretically, this final resistivity can approach the value 
at 0% moisture content if the load is high enough to cause 
complete drying. However, this is generally not the case 
(as seen in Table 8, page 49) since the cable load levels do 
not reach the high values necessary for complete drying. 
Also the addition of moisture through rainfall tends to 
limit the increase in RHO by replacing lost moisture throughout 
the heat field surrounding the cable. The actual increases 
for the various loads, types of soil, and weather conditions 
will be determined more fully in Chapter V, page 55. 
Although the final value of resistivity can more than 
double, this value is not maintained uniformly throughout 
-48- 
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the soil surrounding the cable. The overall final effective 
value of resistivity, which determines the temperature rise 
of the heat source, may be viewed as a weighted average of 
non-uniform resistivities within the heat field of the cable 
source. The redistribution of moisture due to thermal 
gradients and moisture migration processes will produce 
rings of dry soil around the cable with different values of 
RHO for each ring: The greatest increases in resistivity 
will occur in the immediate vicinity of the hot cable, where 
the thermal gradients are the highest. Lesser increases 
will occur as the distance from the heat source increases. 
While the resistivity in the region next to the source will 
have an important effect upon the final effective value of 
resistivity, it will not have the sole effect. The increase 
in effective resistivity will not equal the increase immedi- 
ately adjacent to the cable. 
This can be illustrated by looking at the other entries 
in Table 8, page 49. In the area immediately adjacent to 
the cable (6.1 - 13.2 centimeter), the increase in RHO over 
the initial resistivity can be as high as 3.54. As each 
ring further from the heat source is analyzed, the increase 
in resistivity decreases with little or no change in RHO 
-50- 
beyond 120 centimeters. Although the major increase occurs 
in the first two rings (out to approx. 28.4 centimeter), the 
change in the overall effective resistivity remains considerably 
less (2.17). 
An interesting development of the weighting concept is 
that in order to lower the overall effective resistivity, it 
is only necessary to replace the soil in the first ring or 
two immediately adjacent to the cable with material that 
maintains a low resistivity at low moisture contents. This 
point leads to the direct development of the cable trench 
design in Chapter VI page 75, for lowering high resistivities. 
The movement of moisture due to moisture migration, and 
its resultant increases in resistivity, can begin once the 
soil moisture content drops below the field capacity and the 
load level is maintained above q' critical. For the test 
utility, the time of the year when moisture migration becomes 
a concern is during the months of June through December, 
since these are the months when, due to evapotranspiration, 
the moisture level is less than field capacity.  Depending 
■51- 
upon the cable load levels, these are the months when 
moisture migration can become a significant problem and must 
be considered. 
As we have seen, moisture migration is a process of 
drying induced by a hot operating cable occurring when the 
moisture content of the soil drops below the .field capacity. 
The drying takes place in two states — vapor and liquid. 
As moisture is removed from the soil, a critical moisture 
content will be reached where the resistivity begins to go 
unstable. The time to the critical moisture content is 
directly dependent on load, reaching very short periods of 
time for high loads and very long times for low loads. The 
load level at which no drying occurs is the critical heat 
transfer rate, q' critical. For levels of loading below 
this value, moisture migration will not occur. 
The drying caused by moisture migration' is concentrated 
at the cable surface extending out in rings. The rings 
nearest the cables can become very dry with high increases 
in resistivity. However, the ultimate increase will not 
approach the resistivity in the area immediately surrounding 
-52- 
the cable. The ultimate increase in resistivity cannot be 
generally established, as in the case of seasonal variations, 
but must be based on particular cable heat intensities for 
the various soil types. The actual increase for the test 
utility will be determined in Chapter V, page 54.. 
-53- 
CHAPTER V 
Establishment of a Range of Values of RHO 
As we have seen from Chapter IV, page 25, the theoretical 
maximum increase in resistivity due to complete moisture 
removal can be as high as 5 to 1 for sand, 3 to 1 for clay, 
and 5.5 to 1 for cinders.  This increase in resistivity is 
too severe to be used for actual cable operating conditions 
since rainfall will replenish the moisture content of the 
soil.  It must be determined what happens to the soil moisture 
content and the corresponding value of resistivity under 
operating conditions similar to those of the test utility in 
the light of the problems discussed in Chapter IV, page 25, 
especially rainfall, moisture migration, and cable load 
levels. By analyzing data from a number of well instrumented 
outdoor field installations, plots can be made of the ratio 
of the ultimate resistivity, Pult, to the initial resistivity, 
Po, occurring over a period of time for various surface heat 
2 
intensities (watt/centimeter ) with cable installation and 
rainfall conditions similar to the test utility (Figures 9 
and 10, pages 55 and 56).  It can be seen that the maximum 
increase in Pult over Po can be as high as 2.3 to 1 
-54- 
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for sand and 2.0 to 1 for clay at surface heat intensities 
2 
ranging between .0084 watts/centimeter and .034 watts/ 
2 
centimeter . The question becomes, "should these maximum 
increases in the ratio of Pult/Po be generalized to indicate 
the increase in resistivity for all load levels between 
2 
.0084 to .034 watts/centimeter or should ratios be deter- 
mined for each load level between .0084 to .034 watts/ 
2 
centimeter ?" Also, "to what value of Po should the ratio 
be applied?" From the work done by Wiseman and Burrell , 
resistivity values for sand and clay varied throughout a 
wide range of values. 
Sand Clay 
RH0 RHO 
°C-centimeter/        °C-centimeter/ 
Readings     watt  Readings watt 
50% 54 50% 54 
Avg. 65 Avg. 55 
90% 86 90% 70 
"How can these variations be taken into account"? and, 
since the tests from which Figures 9 and 10, page 55 and 56, 
were generated, were done under more or less normal rainfall 
-57- 
conditions "how can we account for more severe drying conditions 
or less rainfall?" 
Before attempting to answer these questions it is 
important to look more closely at the test results and 
determine what happens to the earth thermal resistivities 
under various loading conditions over a period of time under 
normal rainfall conditions. Figure 11, page 59, is a repro- 
duction of the Bauer and Nease field tests for sand and one 
typical for all the data in Figures 9 and 10, page 55 and 
56. This figure shows the variation in resistivities at 
load levels of .0084, .017 and .034 watts/centimeter . 
These values represent the minimum, average, and high loading 
levels shown in Figure 9, page 55. By using a typical plot 
of resistivity vs. moisture for sand, Figure 12, page 60, we 
can include the approximate moisture contents occurring at 
the various resistivities. From Figure 11, page 59, it can 
be seen that the value of resistivity right before drying 
commences in the month of June is a minimum since a normal 
wet spring occurred in the preceding months. As normal 
drying begins in the second half of the year, the resistivity 
increases until it hits a maximum in December. This drying 
period extends for 7 months beginning in the month of June 
-58- 
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and ending in the month of December. This is expected since 
these are the months when the soil moisture content drops 
below field capacity. The resistivity for the .034 watts/ 
2 
centimeter loading curve will increase from Po = 70 in the 
spring to Pult of 155 in December for a ratio increase of 
2.2. Under the same weather conditions the drying time for 
2 
.17 and .0084 watts/centimeter loading remains 7 months. 
The increase in resistivity and the ratio of Pult/Po for 
these load levels become: 
9      Pnl i- 
Pult = 140 for .017 watts/centimeter   =J=±± =2.00 
Po 
Pult = 130 for .0084 watts/centimeter2 5^ =1.85 
Po 
These are the ratio increases in resistivity for the 
minimum, average and maximum load levels for the test infor- 
mation given in Figure 9, page 55, for sand under normal 
rainfall conditions. 
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By using Figure. 10 page 56, the ratio increase for clay can 
also be determined at the various load levels with the 
following results. 
=2.0 for .034 watts/centimeter Po 
Pult 2 
=   =1.6 for .017 watts/centimeter Po 
Pnl t 2 
=jii£il      =1.3 for  .0084 watts/centimeter Po 
The important points, other than the specific ratio 
increases that occur for various load levels, that can be 
drawn from the analysis, are: 
1. The resistivity increases from a minimum during the 
beginning of the dry season (June) peaking at the end 
of the drying season (December). 
2. The drying period lasts for 7 months. 
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3. Different drying curves occur for varying load levels, 
indicating that one ratio cannot effectively represent 
the entire loading range. 
4. The resistivity continually increases as long as sufficient 
moisture is not added to the soil. 
The results for other soil types shows the same drying 
phenomenon with only the levels of initial and ultimate 
resistivities differing. 
Since the test data for Figures 9 and 10, pages 55 and 
56, was obtained for normal rainfall conditions, the effects 
of more severe drying during both the spring and the June 
through December drying period must be determined. We will 
look at the spring condition first.  Should a dry spring 
occur, the initial moisture content for Po will decrease to 
a value less than the 20% as shown in Figure 9, page 55. 
This decrease in the initial moisture content will increase 
the initial resistivity. The effect is to shift the starting 
point for drying up the curve, increasing the-final resistivity. 
For example, if the initial moisture content decreases from 
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20% to 14% the initial resistivity will increase from Po = 
70 to Po = 97 shown on each loading curve. Since the drying 
time remains the same, extending the loading curves and 
scaling out 7 months, the ultimate resistivity can be determined 
for the decrease in the initial springtime moisture content. 
The increases for a dry spring with normal rainfall conditions 
in the June to December drying period would be: 
2 Pu = 175 for load = .034 watts/centimeter 
2 
Pu = 160 for load = .017 watts/centimeter 
Pu = 160 for load = .0084 watts/centimeter 
From this example, it can be seen how a dry spring will, 
increase the absolute value of the resistivity over a normal 
wet spring condition by shifting the starting point up the 
curve.  The ratio increase in resistivity however, will 
remain the same as long as normal rainfall occurs in the 
June through December drying period. 
If less rainfall and hot dry conditions occur during 
the 7 month drying period, the effects are twofold. First, 
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the moisture content of the soil will not be increased (i.e. 
from 14% to 18%) as occurs after a rain during conditions of 
normal rainfall. .Therefore, the rise in resistivity RHO, up 
the loading curve, will not be delayed by additional moisture 
due to rainfall. Second, hot conditions due to heating from 
the sun will remove additional moisture from the soil above 
and beyond that removed by the hot cable.  This additional 
loss of moisture can effectively be represented by increas- 
2 
ing the watts/centimeter loading of the cable. For example, 
a hot, dry drying period may add a value of .005 watts/ 
2 
centimeter to the loading curves of the cables changing 
them from .034 to .039, .017 to .022 and .0084 to .0134 in 
each case. This increase in loading will elevate the entire 
loading curves shown in Figure 11, page 59, effectively 
increasing the ultimate value of RHO for the same 7 month 
drying period. Therefore, both the lack of rainfall and hot 
dry conditions during the drying period will raise the 
ultimate value of resistivity. 
The effects of a dry spring and a hot drying period 
with less than normal rainfall has been demonstrated.  It 
can be seen that if both conditions occur the effects will 
be cumulative - the initial moisture content shifted, the 
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movement up the drying curve speeded and the loading curve 
increased. If only one condition occurs, only one effect 
will be present. In either case, the ultimate value of RHO 
will increase. 
Field data showing the effects of a dry spring and/or a 
hot June-December drying period are not available from the 
information used to generate Figures 9 and 10, pages 55, and 
2 56. However, from Chapter IV, page 25, Milne & Mochlinski 
have data showing the increase in the ratios of resistivities 
of sand and clay can approach 1.5 and 1.2 respectively, when 
only the affects of weather are considered. By using these 
factors to increase the initial resistivity at the start of 
the drying period as demonstrated earlier, the effects of 
both severe drying conditions can be accounted for. This 
will be done by increasing the springtime value of resisitivity 
(which will be determined in the next paragraph) by the 
drying factors of 1.5 for sand and 1.2 for clay. The effects 
of less than normal rainfall in the spring and during the 
June-December drying period can then be approximated. 
Now that multiplying factors have been determined that 
account for different cable load levels and dry weather 
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conditions, the initial resistivity which the factors apply 
to must be determined. As we have seen, the initial value of 
resistivity for sand and clay can vary over a wide-range of 
values. However, we suspect that a major part of this 
variation in resistivities found by Wiseman and Burrell in 
Chapter III, page 17, is due to different moisture contents 
of the materials when the resistivity tests were made.  It 
makes sense then to determine a value for Po for both dry 
and normal rainfall conditions. 
When dry conditions occur it is proposed that the 
initial resistivities in June be increased by the drying 
factors 1.5 and 1.2. This is effectively lowering the 
initial high moisture content of the soils and increasing 
the initial resistivity. Therefore, in selecting the 
appropriate Po to be used in the month of June for dry 
conditions, there is no need to decrease the initial value 
of moisture for a soil any further from the average value 
found by Wiseman and Burrell. Therefore, they seem to be a 
good selection for initial values of resistivities for sand 
and clay under low rainfall conditions. 
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When the rainfall conditions during the spring and 
June-December drying period remains at normal levels, the 
moisture content of sand and clay remain high. An initial 
value of resistivity should be selected that recognizes this 
fact. The average value of resistivity found by Wiseman and 
Burrell again can be used. Therefore, for both normal and 
dry conditions the average value of resistivity, p = 65 for 
sand and p = 55 for clay, should be used as the value of 
initial resistivity at the start of the drying period in 
June. 
Now that we know the initial resitivities to be used, 
the increases due to cable load, and the effects of severe 
drying, we can predict the increase in resistivities of sand 
and clay. By using the average values of resistivity for 
sand = 65 and clay = 55 at the star.t of the drying period, 
increasing them by the drying factors for low rainfall 
conditions and applying the ratio of Pult/Po found for the 
various load levels, the following increases in resistivities 
can be determined as shown in Table 9, page 69. 
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Table 9 
Increase in Resistivity Due to Load 
Levels and Weather Conditions 
Soil 
Sand 
Weather 
Condition meter 
Load 
Watt/centi- 
Dry .034 
,017 
.0084 
Po Pult 
°C-Centi- Pult/ °C-centi- 
meter/watt Po meter/watt 
65 x 1.5 = 97.5 2.2 213 
65 x 1.5 = 97.5 2.0 195 
65 x 1.5 = 97.5 1.85 179 
Sand Normal .034 
.017 
.0084 
65 
65 
65 
2.2 
2.0 
1.85 
142 
130 
120 
Sand 
Clay 
Clay 
Clay 
Wet 
Dry 
Normal 
Wet 
.034 
.017 
.0084 
.034 
.017 
.0084 
.034 
.017 
.0084 
.034 
.017 
.0084 
65 no increase-possible decrease 
65 • no increase-possible decrease 
65    no increase-possible decrease 
55 x 1.2 = 66 
55 x 1.2 = 66 
55 x 1.2 = 66 
55 
55 
55 
55 
55 
55 / 
2. 0 132 
1. ,6 106 
1. 3 86 
2. 0 110 
1. 6 88 
1. ,3 71 
no increase 
no : mcrease 
no : Increase 
-69- 
Based on Table 9 and the surface heat intensities for the 2 
types of installations occurring at the test utility, 
Distribution Feeder: 
750 MCM cable 
2 
.013 watts/centimeter surface heat intensity 
Transmission Tie Line: 
1250 MCM cable 
2 
.027 watts/centimeter surface heat intensity 
significant moisture migration problems would be expected to 
occur for both sand and clay installations. However, the 
actual cable loadings must be considered. For the Distri- 
bution installation, actual load data was collected for 93 
underground distribution lines in the Lehigh County area. 
During the drying period, 94% of the cables had a surface 
2 heat intensity less than .0037 watts/centimeter with the 
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o 
rest ranging up to the design value of .013 watts/centimeter . 
In fact, only six cables had a surface heat intensity of 
2 
0.013 watts/centimeter . Based on this information there is 
a question whether moisture migration occurs at the lower 
loadings actually found on distribution feeders. 
Table 9, page 69 indicates possible moisture migration 
problems for only sandy installations during dry conditions 
2 
at load levels near .0037 watts/centimeter . However actual 
field data is not available at this load level to fully 
substantiate moisture migration. From our previous discussion 
in Chapter III, page 17, we do have a plot of the time to the 
critical moisture content for sand under laboratory conditions 
at an initial moisture content of 14% (Figure 8, page 46). If 
the initial moisture content of sand under dry conditions 
can be determined to be 14%, this curve can be used to 
approximate the length of time to the critical moisture 
2 
content for loads = .0037 watts/centimeter . By using 
Figure 12, page 60, the increase in the initial resistivity 
under severe drying conditions can be approximated by using 
the drying factor 1.5. Using this factor the ultimate 
increase in the initial resistivity due to dry weather 
conditions becomes 97.5. The initial moisture content at 
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this value of resistivity is 14%. Therefore, Figure 8, page 
46, is applicable for the test utility. From this curve, 
the time to the critical moisture content for the .0037 load 
level (corresponding to .1 watts/centimeter for 750 MCM 
cable) is nearly infinity, indicating that moisture migration 
is not occurring or is just beginning to occur at a very low 
level. Therefore, moisture migration is not a problem at 
this load level in sandy soil for severe drying conditions, 
or for any conditions in sand or clay. This tends to.be 
borne out from the experiences of the test utility which 
indicates that few cable failures are attributed to moisture 
migration at the distribution feeder level. 
At the transmission level, load data does not reveal 
significant information since many of the installations are 
relatively new with loads still developing. However, the 
initial design loads are more likely to be achieved since 
more care is taken in balancing the cable size to the load. 
Overdesigning cable sizes at tnis voltage level is extremely 
expensive. Therefore loads at the transmission level can be 
expected to be near the design values.  If this is the case, 
moisture migration is indeed a problem for these installa- 
tions . 
-72- 
Conclusions 
Table 9 page 69, shows the increases in resistivity for 
various load levels and weather conditions for sand and 
clay. At the load levels occurring at the test utility, 
increases in earth thermal resistivity due to moisture 
migration will be a problem at all transmission voltage 
installations and all distribution installations carrying 
their design loads. However, for most distribution instal- 
lations, moisture migration will not be a problem because of 
the actual loads carried. The ultimate increases in resis- 
tivity for installations at the test utility can be summarized 
as follows. 
Transmission 
Rainfall Sand Clay 
Dry 213 132 
Normal 142 110 
Distribution Dry 195 106 
(if the load level Normal 130 88 
is near the 
c 
design value) 
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(Note: No interpolation between load levels has been 
made. The accuracy of determining the resistivities cannot 
justify interpolations.) 
Additionally, high values of RHO will be encountered at 
cinder or rubble installations, due to the inherent high 
resistivities found by Wiseman and Burrell; locations with 
very low water tables, indicating low moisture contents; and 
at cable installations that are near thermal heat sources 
(steam pipes), which speeds soil drying. 
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CHAPTER VI 
REDUCING EFFECTIVE EARTH 
THERMAL RESISTIVITY THRU SPECIAL 
 TRENCH DESIGN 
Establishing Low Resistivity Backfills 
From the work in the preceding Chapter, the test 
utility will encounter high earth thermal resistivities 
in a number of different instances (i.e. moisture 
migration, cinder or rubble backfill, high cable loads, 
and low water table). A method of controlling these 
high resistivities is to replace the soil immediately 
surrounding the cable with material having a lower 
initial resistivity than the existing soil. This 
replacement soil or backfill should exhibit less of an 
increase in resistivity at very low moisture contents 
than the existing soil and should limit the increases 
in resistivity due to moisture migration.  If these two 
characteristics are met, the high earth thermal resis- 
tivities in the various installations discussed in 
Chapter V, page 54, can be significantly reduced. 
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Establishing a backfill with an initial low resis- 
tivity is not overly difficult. Nearly all sands 
demonstrate this characteristic. However, maintaining 
a low resistivity value for low moisture contents that 
occur under moisture migration is the problem. 
From the work in Chapter IV, page 25, it was 
determined that moisture migration is the resultant^ of 
two separate mechanisms - one occurring in the liquid 
state and one in the vapor state.  In the liquid state, 
the high temperatures at the cable weakens the surface 
tension forces, retaining the liquid water in the high 
temperature region (next to the cable) and causes it to 
move toward the cooler region.  In the vapor state, the 
water vapor pressure in the pore spaces of the high 
temperature region exceeds that in the low temperature 
region causing water vapor to move away from the cable. 
Both mechanisms are dependent upon the porosity of the 
soil which determines the permeability to liquid and 
vapor moisture flow. The higher the porosity the 
greater the increase in resistivity due to moisture 
migration. The chief factors which determine porosity 
are particle size gradation and the relative density or 
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extent of compaction. A backfill consisting of a 
well-graded material (various sizes) will maintain a 
low porosity and (since the air spaces between particles 
are kept to a minimum) a low thermal resistivity for 
high heat input loading conditions and for fairly 
severe atmospheric drying conditions. On the other 
hand, a uniformly graded material (one size) will have 
a high porosity and will be thermally unstable under 
sustained temperature gradients and severe drying 
atmospheric conditions. Several investigators (5, 6; 
9) have studied these effects and advocate the use of a 
high density well graded quartz sand as a low resistivity, 
low porosity backfill material. The quartz sand has an 
initial low resistivity value that will lower the 
ultimate resistivity of the surrounding soil. By well 
grading the quartz, a low porosity value can be main- 
tained which prevents the flow of moisture away from 
the cable under the severe drying conditions of moisture 
migration. Therefore, the well graded quartz sand 
makes an excellent thermal backfill. By adding a small 
amount of Kaolin-clay, the moisture retentiveness of 
the quartz sand can be increased. The effect is to 
produce a backfill with a Po = 36°C-centimeter/watt and 
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maintain this value for very low moisture contents. A 
typical specification that can be used for the purchasing 
of such material is given in the Appendix on page 106. 
B.  Predicting Effective RHO Values 
By using a Kaolin-clay quartz sand backfill in the 
area immediately surrounding a cable, the overall 
effective resistivity that the cable encounters will be 
lowered. There are a number of different methods that 
produce a conservative estimate for the reduction in 
ultimate resistivity for a given amount of backfill. 
9 The results of a study by L. H. Fink and J. J. Smerke 
uncovered several alternative approaches involving 
various degrees of approximations and culminated in a 
method providing a good degree of accuracy. The net 
result is that the problem of backfill placement has 
been solved to a degree of accuracy exceeding the known 
thermal characteristics of the soil in any specific 
case. Therefore, these characteristics now limit the 
degree of accuracy to which any installation can be 
engineered. 
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By using the equations developed by Fink and 
9 
Smerke the decrease in the effective resistivity by 
using a thermal backfill can be determined. The effect 
of the differing thermal resistivity of the backfill 
(Pf = 36°C-centimeter/watt) as compared to that of the 
earth is handled by assuming that the resistivity is Pf 
throughout and then correcting that portion lying 
beyond the backfill to the thermal resistivity of the 
earth, Pe. Therefore, the effective resistivity for a 
given backfill and initial soil resistivity can be 
computed as follows: 
Pef f = Pf + IQ6"^ x Gb   Equation 1 
D~ 
e 
V. 
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where G, is a geometric factor developed by Neher - McGrath 
and is: 
Gb = .0024 [307-2.5W-Y] [1 + ^ff/pf] 
W = width of trench, inches 
Y = depth "  "     " 
Pe = initial earth resistivity (°C-centimeter/watt) 
Pf = backfill 
De = diameter at the start of the earth portion of the 
thermal circuit, inches 
L = depth of the cable below earth surface inches 
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By using this equation and the trench dimensions 
for the test utility which are: 
W = 24 inches (61 centimeters) 
Y = 36 inches (91 centimeters) 
De = 2.0 inches x 2.15 = 4.3 inches (11 centimeters) = 
effective diameter for 3 
cables in triangular formation 
for distribution installation. 
De = 4.84 inches (12.2 centimeters) for transmission instal- 
lation 
we can show how a Kaolin-clay quartz sand backfill with 
an initial resistivity of 36 can reduce the high values 
of resistivity found for the Transmission and Distribution 
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installations occurring at the test utility. The results 
can be put in tabular form as follows: 
Sand Clay 
Without With Without With 
Installation Rainfall Backfill Backfill Backfill Backfill 
Transmission  Dry      213   (108)     132     (77) 
Normal    142    (81)     110     (69) 
Distribution  Dry      195    (98)     106     (66) 
Normal    130    (76)     88     (59) 
This is the reduction in effective resistivity 
that can be achieved for a 61 x 91 centimeter trench with the 
cable installed 75 centimeters deep by using a Kaolin-Quartz 
Sand thermal backfill with an initial resistivity equal 
to 36°C-centimeter/watt. 
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Determining Effective Practical Trench Geometries 
Additional decreases in the ultimate value of 
resistivity can be obtained if the cable is buried 
deeper and the trench widened.  In fact, Fink and 
9 
Smerke have developed the following equation which 
determines the optimum trench depth based on an initial 
trench width: 
Y = L [-j-    + 1]1/2     Equation 2 
where Y = depth of trench, centimeters 
W = width of trench, centimeters 
L = depth of cable, centimeters 
However, the additional construction costs by 
blindly increasing trench dimensions can become prohib- 
itive. For the test utility, the optimum trench width 
using the available construction equipment is 61 centimeters. 
By selecting a cable depth of 100 centimeters an optimum 
trench depth of 129 centimeters can be determined from 
Equation 2. This trench dimension, 61 x 100 x 129 
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centimeters, will not significantly increase the con- 
struction costs over a 61 centimeter x 75 centimeter x 
91 centimeter trench which is currently used. The 
effects on the ultimate resistivities for this new 
trench design are shown in Table 10, below. 
Table 10 
Reduction in Resistivity for Various Trench De signs 
Backfill Backfill Backfill Backfill 
L = 75 L = 100 L=75 L = 100 
Sand No Centi- Centi-   Clay No Centi- Centi- 
Backfill meters meters   Backfill 
Transmission 
meters meters 
213 108 97    132 77 70 
142 81 74    110 
Distribution 
69 64 
195 98 89    106 66 61 
130 76 69     88 59 45 
The decrease in resistivity for the additional 25 
centimeters of cable depth will approach 11%. 
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D.  Alternate Calculation of Resistivity 
An interesting development can be drawn from the 
Fink-Smerke method of calculating effective resistivities 
for thermal backfills if the initial assumption is 
closely studied. They assume that the resistivity of 
the surrounding earth, Pe, is essentially uniform at 
some high value. This high uniform resistivity is then 
decreased by the use of a thermal backfill. For the 
test utility, the sand and clay values of RHO that were 
used in the Fink-Smerke equations were determined under 
the conditions of moisture migration. Moisture migration 
causes drying to occur in rings of different values of 
resistance surrounding the cable and does not produce a 
uniform increase in resistivity throughout. The effective 
value of RHO for the test utility under moisture migration 
was determined by using a weighted average of the 
resistivity in the various rings. Therefore, the Fink- 
Smerke method may not produce the actual decrease in 
resistivity under moisture migration conditions. 
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By studying entry one in Table 8, page 49, for 
sand, the following increases in RHO were determined 
for the various rings of soil surrounding the cable for 
2 
the distribution load of .017 watts/centimeter under 
normal rainfall conditions. 
Ring  /  Dimensions (centimeters)   Increase In RHO 
1 
I 
6.1 13.2 3.17 
2 13.2 - 28.4 2.12 
3 28.4 - 59 1.58 
4 59 - 120 1.21 
Po = = 70 Pultimate = 135 
The effective resistivity for this example increases 
to 135°C-centimeter/watt and is very representative of 
the effective value of p = 130°C-centimeter/watt determined 
for the test utility at this load level for normal 
rainfall conditions as shown in Table 9, page 69. By 
using the increases in RHO for the various rings given 
for this entry, the actual thermal resistance in each 
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of the rings can be determined and correlated to the 
resistivity of 135°C-centimeter/watt. By replacing the 
first two rings with a Kaolin-Clay Quartz backfill, 
determining the change in resistance, and ratioing the 
resistance change for the backfill to the resistance 
with no backfill, the reduction in resistivity can be 
determined and compared to the Fink-Smerke results. 
The effects of non-uniform resistivities can then be 
determined. 
The thermal resistance of a belt of cylindrical 
soil can be determined by the following equation. 
Thermal Resistance R = .012 [Pi] log Di/Dc 
Pi = thermal resistivity of soil 
Di = dia of outer cylinder 
Dc -  dia of inner cylinder 
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By applying this equation to the various rings, the 
thermal resistance becomes: 
Po = 70 
In< :rease In Thermal 
Rings Res sistivity Resistance 
1 3.17 .89 
2 2.12 .59 
3 1.58 .42 
4 1.2l .33 
2.23 thermal ohms 
We know that the 2.23 thermal ohms applies to an 
effective resistivity of 135°C-centimeter/watt under a 
2 
.017 watt/centimeter load and normal rainfall conditions. 
Now, if we replace the first 2 rings with a Kaolin- 
Quartz Sand Backfill with an initial resistivity of 36 
-88- 
and assume there is no resistance increase in rings 1 
and 2, the thermal resistance becomes: 
Increase in   Thermal 
Ring      Resistivity   Resistance 
1 1.0 .14 
2 1.0 .14 
3 1.58 .42 
4 1.21 .33 
1.03 
103 x 135°C-centimeter/watt  = 62.3°C-centimeter/watt 
2.23 Thermal ohms 
The decrease in resistivity is even greater than 
that predicted by Fink and Smerke (RHO-76). 
This is expected since the soil in the first 2 
rings, which is replaced by backfill, has a significantly 
higher resistivity (ring 1 = 3.17 x 70 = 222 and ring 
2 = 2.12 x 70 = 148) than the uniform resistivity of 
130 used in the Fink-Smerke equation. 
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Therefore we are actually replacing soil with a 
resistivity of 222 and 148 instead of the 130 assumed 
by Fink and Smerke. The resistivity has to come down. 
This comparison can be continued for sand under 
the various weather conditions and loads if the correct 
initial resistivity and the appropriate entry in Table 
8, page 49, is used. 
Sand 
Increase in 
Loading      „ Weather Po p for rings 
watt/centimeter  Conditions 1 through 4 
.034 Normal 65 Entry 2 Table 8 
Dry 97.5 Entry 2 Table 8 
.017 Normal 65 Entry 3 Table 8 
Dry 97.5 Entry 3 Table 8 
This comparison could also be made for clay except 
the increases in resistivity for the 4 rings was not 
available. It is suspected however, that the decrease 
would be similar. If this assumption is made, Table 
11, page 91, can be generated. This table indicates 
-90- 
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that the resistivity is significantly lower when this 
method is used. However, these values only apply under 
conditions of moisture migration and not for materials 
having a uniform resistivity throughout.  Should this 
be the case, the Fink-Smerke values are applicable. 
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Construction Methods 
In order to obtain the minimum thermal resistivity 
for any backfill, the density must be at a maximum. 
Therefore the degree of compaction obtained at the 
construction site is of the utmost importance. 
The densification of clays involves plastic defor- 
mation and flow under pressure into existing cavities 
and pores of the soil system. Such flow is a rate 
process and the duration of the force is of great 
importance. For this reason, rolling and tamping are 
most effective. Peak pressures in the vicinity of 165 
2 kg/centimeter have been found to produce excellent 
densification. The soil is in satisfactory condition 
for compaction if a cast can be formed by squeezing a 
sample in the hand and it holds shape without showing 
traces of water. 
Pressure applied to the surface of sand does not 
necessarily lead to densification. The stress conditions 
around the pore spaces must be sufficiently large to 
collapse the voids. At certain applied pressures, 
particles adjoining the pore spaces will jump into 
-93- 
them with other particles taking their spaces. However, 
this jumping and the subsequent movement of particles 
into the vacated places, takes time in addition to a 
minimum stress.  Consequently, densification requires 
sufficient time and force. The best method for accom- 
plishing this is by repeated tamping. 
The depth of a backfill layer which can be compacted 
either by rolling or tamping to a satisfactory density 
is of great importance.  It is known that when a force 
is applied to a soil, the energy concentration in the 
soil decreases with increasing distance from the plane 
of application.  The concentration at a given distance 
is a function of the dimensions of the applicatory 
plate and the mechanical properties of the soil. The 
larger the transmitting plate the greater is the depth 
of densification. Equipment in use today will adequately 
compact a layer 15 to 20 centimeters in depth. Until 
the subject is explored further to furnish the operator 
with other values to use for commonly encountered soils 
and moisture contents, the 20 centimeter depth should 
not be exceeded. 
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To summarize, the right combination of pressures 
and moisture content is required if maximum density is 
to be secured. Rolling is the most efficient method of 
compacting clay soils, and vibrating tampers, plates or 
rollers the best for sand. An excess of water should 
be avoided as it holds the soil particles apart during 
compaction and later drains away, leaving a low density 
backfill. 
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CHAPTER VII 
Effects on Cable Ampacity 
Chapter VI, page 75, and Table 11, page 91, show how a 
thermal backfill can limit the severe ^increases in resistivity 
due to moisture migration, cable loads, and seasonal variations, 
Now, it can be determined how these reduced resistivities 
effects cable ampacity by using the method outlined in Neher- 
McGrath's paper entitled, "The Calculation of Temperature Rise 
and Load Capability of Cable Systems"  . The results are 
shown in Table 12, page 97. 
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The increase in ampacity when using a thermal backfill 
ranges between 25-45% depending upon the original value of 
RHO. The higher the initial value of resistivity the greater 
the percentage increase in ampacity. The advantage of 
backfilling can be even more dramatic if we try to duplicate 
the ampacity rating obtained with a backfill by only increasing 
conductor size. To match such ampacities, an increase of 
roughly 60% in size would be required!!  In either case, the 
effects of backfilling are quite dramatic. 
By further analyzing the data in Table 12, it is obvious 
that the test utilities' transmission installation will not 
be able to carry the design load of 835 amperes unless a 
thermal backfill is used. Under dry conditions, for sand 
and clay, the ampacity without backfill is 650 amperes and 
740 amperes, respectively, which is 23 and 12% below the 
design value. However, with a thermal backfill the ampacity 
can be increased 32% for sand and 42% for clay and the 
design value of 835 amperes will be exceeded. 
The only alternative for obtaining the design ampacity, 
other than using a backfill, is to increase cable size. 
This is not a viable economic solution compared to back- 
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filling. Since a major part of the transmission cable 
installation is in concrete enclosed duct pack, which maintains 
a RHO of 90, the only portion of the installation requiring 
backfill is the last 40 meters from the manhole to the 
substation user pole. Backfill costs for these few meters 
are orders of magnitude below the cost required for increasing 
the conductor size for several thousand meters between 
substations. Thermal backfill is the only practical and 
economical solution for maintaining the design ampacity. 
The consequences to the cables already installed without 
backfill and carrying the design loads, are shortened cable 
life. The operating temperature at 835 amperes and no 
backfill is approximately: 
150°C for sand (RHO = 213) 
110°C for clay (RHO = 132) 
The values of the 60 Hz breakdown and average impulse 
breakdown for the cable insulation are substantially decreased 
at these elevated cable operating temperatures, becoming: 
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Avg. 60 Hz breakdown 
Kilovolts/millimeter 
Avg. Impulse 
Breakdown 
Kilovolts/millimeter 
90°C 47 110 
110°C 34 65 
150°C 32 60 
There is no way to correlate the decrease in insulation 
strength to the length of time to cable failure. However, 
from this analysis and the work in Table 7, page 40, cable 
failure will definitely occur sooner. The only solace that 
can be had for these installations is the hope that the 
design loads will not be consistently carried by the cables. 
The ampacities in Table 12, page 97, for the distribution 
installation, indicates that the design load of 465 amperes 
can just barely be met in sand without a-thermal backfill. 
However, considering that only approximately 5% of the lines 
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carry the design load, and then only periodically, no thermal 
backfilling should be required for the majority of distribution 
installations. 
Only in the rare instance, when a design load is consistently 
applied (industrial load), should a thermal backfill be 
used. 
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CHAPTER VIII 
Conclusions 
The design value of P = 90°C-centimeter/watt has been 
shown not to hold for either the distribution or transmission 
installations at the test utility.  The value of earth 
thermal resistivity has been proven to be very sensitive to 
soil make-up, especially the amount of soil moisture. As a 
direct buried cable operates, it generates heat which forces 
the moisture away from the cable thru a moisture migration 
process. This moisture migration is directly dependent on 
the cable load, surface heat intensity, weather conditions 
and soil type, ultimately causing a tremendous increase in 
the value of RHO. 
Because of this increase, the design values of earth 
thermal resistivity for determining ampacities for distribution 
and transmission installations at the test utility should 
not be 90°C-centimeter/watt but should be as shown in the 
following table. 
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N 
RHO °C-centimeter/watt 
Sand Clay 
Transmission 
Dry     213 132 
Normal   142 110 
Distribution 
Dry     195 106 
Normal   130 88 
At these new design values, the ampacity of the cables 
is drastically reduced (nearly 25% in some cases).  In fact, 
it has been found that the transmission installation cannot 
carry its design load of 835 amperes and the distribution 
installation can only marginally carry its design load of 
465 amperes. 
However, by replacing the soil surrounding the cable in 
the trench with a Kaolin-clay quartz sand backfill, which 
maintains a very low value of resistivity under moisture 
migration conditions, the thermal environment of the cable 
system can be controlled and the value of RHO considerably 
reduced. 
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A decrease.of more than 50% can be achieved through 
this method with specific results shown below: 
Resistivity °C.-centimeter/watt 
Sand Clay 
Transmission 
Dry     87 59 
Normal   64 60 
Distribution 
Dry     85 58 
Normal   60 48 
The effect of this decrease in resistivity is to increase 
cable ampacity 25 to 45%. Then both cable installations can 
easily carry the required design loads when a thermal back- 
fill is used. 
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/n 
Finally, three specific recommendations can be made for 
the cable installations at the test utility: 
1. The design value of RHO for any cable installation 
should be selected only after the effects of cable 
load, surface heat intensity, weather conditions, and 
soil types are carefully considered. 
2. A Kaolin-Clay Quartz Sand thermal backfill must be used 
in the cable trench for all transmission installations 
in order to meet the required design loads. 
3. A Kaolin-Clay Quartz Sand thermal backfill should be 
used for distribution installations consistently operating 
at the design load. 
-105- 
BIBLIOGRAPHY 
1. Wiseman R. J. and Burrell, R. W., "Soil Thermal Character- 
istics in Relation to Underground Power Cables," 
AIEE Committee Report, Transaction of AIEE, Volume 
79, pp 792-856, Dec 1960 
2. Milne, G. and Mochlinski, K, "Characteristics of Soil 
Affecting Cable Rating", Procedures IEE, Volume 
III, No. 5, pp 1017-1039, May 1964 
3. Hartley, J. G. and Black, W. Z., "Predicting Thermal 
Stability and Transient Response of Soils Adjacent 
to Underground Power Cables," 7th IEEE/PES Trans- 
mission and Distribution Conference and Exposition, 
pp 316-320, April 1-6, 1979 
4. Bush, R. A. Black, W.Z.; and Martin, M.A. "Soil Thermal 
Properties and Their Effect on Thermal Stability 
and the Rating of Underground Power Cables," 7th 
IEEE/PES Transmission and Distribution Conference 
and Exposition, Pp 275-280, April 1-6, 1979 
■106- 
5. Brookes, A.S., and Starrs, T.E., "Thermal and Mechanical 
Problems on 138kV Pipe Cable in New Jersey", Transac- 
tion of AIEE, pp 773-784, Oct 1957 
6. Bauer, C.A., and Nease, R.J., "Soil Factors Affecting 
Buried-Pipe Cable Temperatures", Trans of AIEE, 
pp 257-267, June 1957 
7. Mickley, A.S., "The Thermal Conductivity of Moist Soil", 
Transactions of AIEE, Vol 70, pp 1789-1797, 1951 
8. Fink, L.H., "Control of the Thermal Environment of Buried 
Cable Systems", Trans of AIEE, pp 406-412, April, 1954 
9. Fink, L.H. and Smerke, J.J. "Control of the Thermal Environ- 
ment of Buried Cable Systems-Part II", Trans of AIEE, 
pp 161-168, June 1958 
10. Neher, J.H. and McGrath, M.H., "The Calculation of the 
Temperature Rise and Load Capability of Cable 
Systems", Trans of AIEE, pp 752-772, Oct 1957 
-107- 
11. Neher, J.H., and Buller, F.H., "The Thermal Resistance 
Between Cables and a Surrounding Pipe or Duct Wall", 
Trans of AIEE, p 342-349, 1950 
12. Neher, J.H., "The Temperature Rise of Buried Cables and 
Pipes", Trans of AIEE, pp 9-20, 1949 
13. Electric Power Research Institute, Backfill Materials 
for Underground Power Cables, Phase I. A Report 
prepared by University of California, EPRI El-506 
Project 7841-1, June 1977 
14. Edison Electric Institute, Underground Systems Reference 
Book, Colonial Press, 1957. 
15. Institute of Electrical Engineers - Insulated Power 
Cables Engineering Association, Power Cable Ampacities, 
1958. 
-108- 
APPENDIX 
Specification For Kaolin-Clay Quartz Thermal Sand 
The material to be furnished under this specification shall 
be a bonded, subangular quartz sand which conforms to the following 
sieve analysis (sieve sizes are U.S. Standard Series): 
Sieve Size Per-Cent Retained 
6. . . 0.5- 4.0 
12  5.5- 8.5 
20  12.5-15.5 
30 7.0-12.0 
40. . . . 8.5-13.0 
50. . 6.0-11.0 
70   7.0-13.0 
100.  . 10.0-19.5 
140 8.0-14.5 
200   1.5- 4.5 
270   0.5- 2.0 
Pan   1.0-3.0 
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The sand shall contain a Kaolin-base clay, in an amount 
not less than 5% and not more than 8%. The dry compacted 
sand density shall be approximately 2,700 pounds per cubic 
yard. 
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